A clinical isolate of Mycobacterium avium was transformed with a new shuttle plasmid containing the Escherichia coli Lgalactosidase reporter gene under the control of the Mycobacterium bovis bacillus Calmette-Gue èrin (BCG) hsp60 promoter. LGalactosidase activity was assayed spectrophotometrically in bacterial homogenates of the recombinant strain (M. avium: :lacZ) and used for quantification of the hsp60 promoter strength in different conditions of extra-and intracellular growth. Very low levels of L-galactosidase were recorded during the exponential phase of in vitro growth, while they increased progressively during the late exponential and stationary phases. A significant increase in enzyme activity was also induced in exponentially growing cells by shifting the incubation temperature from 37 to 45³C, but not from 37 to 42³C nor from 30 to 42³C. No induction of the promoter was observed by adding hydrogen peroxide to the cultures. Finally, L-galactosidase levels were quantified during growth of M. avium: :lacZ in murine macrophages. Soon after phagocytosis and, to a lesser extent at 1, 5 and 7 days after infection, increased levels of bacterial L-galactosidase were observed indicating an increment in transcriptional activity of hsp60 promoter both at early phases of infection and during the course of intracellular growth. z
Introduction
With the onset of the AIDS epidemic, the Mycobacterium avium-Mycobacterium intracellulare complex (MAC) has become of high medical relevance, being the most common cause of disseminated bacterial infection and contributing to the morbidity and mortality of human immunode¢ciency virus (HIV)-infected individuals [1] . Although the emerging interest in the microorganisms of the MAC has promoted the development of genetic systems for phage infection, transfection or transformation of such a group of mycobacteria, their genetic manipulation remains very di¤cult [2] . In fact, only recently has successful electroporation of M. avium been reported and in addition only few of the usual genetic markers work e¤ciently in this species [2] . For these reasons, many aspects of the gene regulation as well as of the physiology and pathogenicity of these my-cobacteria remain to be elucidated. A number of genetic systems developed in mycobacteria use promoters of di¡erent mycobacterial genes [3, 4] . In particular, heat shock protein (Hsp) promoters have been extensively studied as they are usually upregulated in response to a variety of stress conditions and control the expression of mycobacterial antigens which may represent the major targets of cell-mediated immune responses [5, 6] . In mycobacteria, promoter activities have most often been evaluated in vitro, while a limited number of reports have described transcriptional activity during intracellular growth, a condition believed to cause expression of virulence genes [7] .
The aims of the present paper were: (i) to develop a genetic system suitable for quantitative analysis of mycobacterial promoter activity; (ii) to test the system both in di¡erent condition of extracellular growth and during growth inside macrophages; (iii) to use such a system to transform a clinical isolate of M. avium to gain further insight into the genetics and gene regulation of such species of mycobacteria. A new shuttle plasmid was developed containing the hygromycin resistance gene as a selectable marker and the Escherichia coli L-galactosidase as a reporter gene. Due to the limited availability of M. avium promoters, the E. coli L-galactosidase gene was placed under the control of the M. bovis bacillus Calmette-Gue èrin (BCG) hsp60 promoter. Activity of the heterologous promoter was assessed by direct spectrophotometric determination of L-galactosidase activity in bacterial homogenates of the recombinant strain M. avium: :lacZ. The system developed proved to be suitable for the rapid and reproducible quantitative analysis of mycobacterial promoter activity in di¡erent conditions of extra-and intracellular growth.
Materials and methods

Bacterial cells and growth conditions
E. coli XL1 blue, grown on LB agar or broth supplemented with the appropriate antibiotic (12.5 Wg tetracycline ml 3I , 50 Wg kanamycin ml 3I , 100 Wg hygromycin ml 3I ), was used for selection and propagation of transformants. A clinical isolate of M. avium (strain NSN 94) was used throughout the study. For the preparation of standard inocula, bacteria were grown in standing cultures at 37³C in modi¢ed Sauton medium enriched with 0.5% sodium pyruvate and 0.5% glucose [8] until late-exponential phase. Recombinant M. avium: :lacZ was selected on Middlebrook 7H10 agar supplemented with oleic acid albumin dextrose complex (OADC) and with 50 Wg X-gal ml 3I and grown in the same medium as the parental strain, supplemented with 150 Wg hygromycin ml 3I .
Plasmids and DNA cloning procedure
The Mycobacterium-E. coli shuttle vector pROL-HYG, encoding hygromycin resistance, and the plasmid pLL261, encoding kanamycin resistance and containing the E. coli lacZ gene under the control of the M. bovis BCG hsp60 promoter, were kindly provided by D.B. Young. The plasmid pROLHYG was generated by insertion of the polylinker of pBluescript-II-SK (Stratagene) into the KpnI site of p16R1 [9] . PLL261 was digested to generate a XbaIBamHI 398-bp DNA fragment containing the BCGhsp60 promoter and a 3078-bp BamHI fragment encoding E. coli L-galactosidase, respectively. The two fragments were inserted in pROLHYG by a two-step cloning procedure. The resulting plasmid (pROL-HYG 60lacZ) ( Fig. 1) was propagated in E. coli XL1 Blue (Stratagene) after selection on LB agar containing 50 Wg X-gal ml 3I . M. avium and E. coli were transformed by electroporation as described [10] .
Evaluation of L-galactosidase activity of
M. avium: :lacZ grown extracellularly M. avium and M. avium: :lacZ were grown at 37³C without shaking. At di¡erent times, aliquots of 20 ml were centrifuged and the bacterial pellets were resuspended in distilled water to obtain an OD SWV of 2.0. Bacteria were disrupted by sonication and L-galactosidase activity was assayed in whole cell homogenates of M. avium or M. avium: :lacZ. In induction experiments, the two bacterial strains were grown at 37³C or at 30³C without shaking up to the earlyexponential phase. Aliquots of 50 ml were incubated at 45³C or at 42³C or were added with hydrogen peroxide at a ¢nal concentration of 0.002% (v/v) for di¡erent time intervals. After treatment, bacteria were washed with cold PBS and sonicated. L-Galactosidase activity was immediately assayed in bacterial homogenates according to Pardee et al. [11] and expressed as variation of absorbance per min per ml of bacterial homogenate divided by mg of proteins per ml (vA min 3I mg 3I ). Protein content was determined according to the method of Lowry et al. [12] . No L-galactosidase activity was detectable in homogenates obtained either from M. avium wild-type or from M. avium transformed with pROLHYG 60lacZ without hsp60 promoter.
Infection of macrophages and L-galactosidase activity of M. avium: :lacZ grown intracellularly
Macrophages were prepared from 3^6 spleens collected aseptically from 6^9-week-old pathogen-free female BALB/c mice. Spleens were pressed through a stainless steel grid and cells were resuspended in Iscove's modi¢ed Dulbecco's medium (IMDM) supplemented with 2 mM L-glutamine, 10% FCS, 0.3% sodium bicarbonate and antibiotics. Spleen macrophages were obtained by seeding spleen cells in 24-well plates at a density of 2U10
T cells per cm P . After incubation for 1 week at 37³C in humidi¢ed air containing 5% CO P , non-adherent cells were removed and monolayers were refed with fresh medium devoid of antibiotics until the time of infection. Macrophage infection was carried out as previously described [13] . The presence of mycobacteria within adherent cells, as well as the percentage of infected cells, was evaluated immediately after infection and at 48-h intervals in parallel cultures performed on 12 mm diameter round glass coverslips. To this end, coverslips were removed from the wells and microscopically examined after ¢xing the cells in acetone-methanol 1:1 and staining for acid-fast bacilli by Kinyoun's method. At selected times after infection, medium was aspirated from the wells and monolayers were repeatedly washed to remove extracellular bacteria. For quantitative analysis of L-galactosidase activity, plates were placed on ice and macrophages lysed by hypotonic shock by adding 0.1 ml of ice-cold distilled water per well. Cells were scraped from the wells with the tip of a plastic pipette and vigorously mixed to allow complete breaking of the macrophages and releasing of intracellular bacteria. Lysates from 12^18 wells were pooled at each time point. The number of live M. avium: :lacZ per ml of macrophage lysate was evaluated by plating 10-fold dilutions on Middlebrook 7H10 agar enriched with OADC and supplemented with 150 Wg hygromycin ml 3I . After incubation for 3 weeks at 37³C, colony-forming units were counted. Mycobacteria in the macrophage lysates were disrupted by sonication and whole homogenates of M. avium or M. avium: :lacZ grown intracellularly were assayed for L-galactosidase activity.
Statistics
All experiments were performed in triplicate; results are expressed as the mean þ S.E.M. One-way analysis of variance and the least signi¢cant di¡er-ence test were used to evaluate the results statistically. 
Results and discussion
Hsp60 promoter activity during in vitro growth of M. avium: :lacZ
Parental (M. avium) and recombinant (M. avium: :lacZ) strains exhibited similar growth kinetics in liquid culture (Fig. 2a) . L-Galactosidase activity measured in bacterial homogenates of M. avium: :lacZ at di¡erent time intervals during growth (Fig. 2b) clearly showed that exponentially growing bacilli (4^5 days of culture) expressed very low levels of L-galactosidase, while enzyme activity increased considerably in the late exponential phase (day 7^8) and became maximal during the late stationary growth phase (day 15). These ¢ndings suggest that the hsp60 promoter is responsive to starvation stimuli. Because nutrient deprivation within phagosomes is one of the oxygen-independent antimicrobial activities of phagocytic cells [14] , the ability to survive and promptly respond to nutrient limitation may represent an important virulence factor during mycobacterial infection.
Hsp60 promoter activity in response to heat or oxidative stress
In order to evaluate induction of the hsp60 promoter to heat or oxidative stress exponentially growing M. avium: :lacZ was used to minimize basal transcriptional activity. Temperature shifting of the liquid cultures from 37 to 45³C caused an increase in enzyme activity as early as 15 min after heat shock, with a maximum after 30 min, when the levels of L-galactosidase were 4 times higher (P 6 0.01) than those measured before temperature shift (Fig.  3a) . The increment in enzyme activity obtained after 30 min of heat shock paralleled an increased synthesis of L-galactosidase protein, as visualized by SDS-PAGE of bacterial homogenates obtained from M. avium: :lacZ before and after temperature shifting (data not shown). No increase in enzyme activity was observed following temperature shift from 37 to 42³C (Fig. 3b) and from 30 to 42³C (Fig. 3c) . Increased levels of L-galactosidase were also induced by hydrogen peroxide after 30 min of incubation with a peak after 120 min; however, enzyme activity was not statistically di¡erent in induced and noninduced bacterial cells (Fig. 3d) . Disparate responses to oxidative stress have been described in saprophytic and pathogenic mycobacteria [15] . Young and Garbe [16] failed to demonstrate induction of Hsps in M. tuberculosis after addition of hydrogen peroxide to liquid cultures. By using extrachromosomal and integrative expression vectors carrying the regulatory sequences for major BCG Hsps (i.e. Hsp60, Hsp70), Stover et al. [3] were able to demonstrate hsp60 promoter induction only in BCG recombinant for the integrative vector and not for the extrachromosomal one. The modest response to peroxide observed in this study in recombinant M. avium only after prolonged times of exposure may suggest that M. avium, as well as M. tuberculosis or M. bovis, has adapted to the intracellular environment by constitutively synthesizing enzymes inactivating toxic radicals which make them less sensitive to oxidative stress.
Hsp60 promoter activity in M. avium: :lacZ during growth in murine macrophages
Parental and recombinant M. avium were used to infect monolayers of murine macrophages. Both strains grew mostly intracellularly at a bacteria:macrophage ratio of approximately 10:1, as assessed by microscopical examination of infected monolayers stained for acid-fast bacilli. At such a ratio, about 20^30% of the infectious dose was phagocytosed within 3 h of infection. The number of cfu per well kept stable during the ¢rst day of culture and progressively increased, reaching a maximum after 6^7 days of culture, when about 50^60% of the macrophages were infected (data not shown). In order to quantify hsp60 promoter activity during intracellular growth of M. avium: :lacZ, L-galactosidase was assayed in homogenates of bacteria recovered from lysed macrophages and expressed as vA min 3I cfu 3I . Enzyme activity was signi¢cantly increased at 3 h (P 6 0.025) and persisted at levels higher than those recorded for M. avium: :lacZ before macrophage infection (time 0), up to 7 days after infection (Fig. 4) . M. avium: :lacZ bacilli incubated in cell culture medium without macrophages exhibited levels L-galactosidase similar to those recorded at time 0 (data not shown). The intracellular environment may represent one of the most hostile conditions encountered by invading microorganisms and e¡orts have been made during the last few years to identify genes preferentially or exclusively expressed during intracellular growth of several bacterial species. Although the immunology, production and regulation of Hsps have been studied extensively, their role in macrophage-pathogen interaction is still poorly understood. The very high levels of L-galactosidase expression detected soon after phagocytosis and, to a lesser extent, at later times after infection may indicate that phagocytosis itself, as well as conditions encountered during intracellular growth, may represent a stress stimulus able to promote an in- Fig. 4 . L-Galactosidase activity in recombinant M. avium : :lacZ during growth in murine macrophages. Bacterial cells grown in broth at 37³C for 5 days were used to infect macrophage monolayers at a bacteria :macrophage ratio of approximately 10:1. Enzyme activity was assayed in sonicates of the bacterial suspension used for infection (time 0 h), as well as in sonicates of macrophage lysates obtained at di¡erent times after infection. At each time point the number of cfu was assessed by plating the infectious dose or the macrophages lysates on solid medium. Enzyme activity (vA min 3I ml 3I ) was expressed as speci¢c activity (vA min 3I cfu 3I U10 3W ) after dividing by the cfu ml 3I . *P 6 0.025, one-way analysis of variance. crease in transcriptional activity of the hsp60 promoter. Therefore, the rapid induction of Hsps during intracellular growth as well as in response to di¡er-ent kinds of stimuli during extracellular growth may be regarded as a prompt adaptive response to hostile environments. The activity of mycobacterial hsp promoters in macrophages infected with recombinant BCG expressing the lacZ gene was investigated by Dellagostin et al. [7] . In that study, however, L-galactosidase activity was assessed by £uorescence microscopy using a £uorescein-conjugated substrate. In addition, in an attempt to quantify L-galactosidase activity, £uorescence of infected macrophages was measured by £ow cytometry and expressed as arbitrary units. The novelty of the present study is the development of a system which allows rapid and reproducible quanti¢cation of mycobacterial promoter expression by the direct assessment of L-galactosidase activity as a function of the number of bacteria grown intracellularly. By using this method, the inducibility of hsp60 promoter during intracellular growth could be accurately compared with that obtained during in vitro growth.
Conclusions
In conclusion, beside contributing to the understanding of some basic aspects of the physiology and gene regulation of M. avium, an area of mycobacterial research still very little explored, the genetic system described in the present paper proved to be very useful for the study of extracellular and, more importantly, intracellular expression of mycobacterial genes.
Extension of this system to the study of other promoters will allow a better understanding of the genes speci¢cally or preferentially required for growth within host cells and, hence, most probably involved in virulence of the MAC group of mycobacteria.
